Using full-potential density-functional calculations we show that oxygen stoichiometry plays an important role on spin, charge, and orbital ordering in manganites. The electronic structure and magnetic properties of LaBaMn 2 O 5ϩ␦ have been studied for ␦ϭ0, 0.5, and 1; for ␦ϭ0 and 0.5 the system exhibits charge, orbital, and antiferromagnetic spin ordering, whereas at ␦ϭ1 the charge and orbital orderings disappear but the spin ordering remains. We also bring out an insulator-to-metal transition upon going from ␦ϭ0 to 1. The study suggests that one can manipulate the charge and orbital orderings in certain perovskite-like oxides by merely varying the oxygen stoichiometry and hence design oxides with desired electrical and magnetic properties. There has been an upsurge of interest in perovskite-like manganese-based oxides since the discovery of colossal magnetoresistance ͑CMR͒. The CMR manganites display a fascinating diversity of behaviors including several forms of spin, charge, and orbital orderings ͑hereafter SO, CO, and OO͒. 1 The electronic, magnetic, and CMR features of a given material are largely determined by the chemical composition and crystal structure and these properties may be quite sensitive to even tiny changes in the atomic architecture. Hence an improved understanding of how composition and structure affect transport and magnetism may guide the search for new CMR materials. 2 The interplay between the crystal symmetry and the atomic orbitals plays a crucial role in the conductivity of the e g electrons in manganites. The transfer integral ͑t͒ of e g electrons between neighboring Mn sites is mediated by the O-2 p orbitals and hence depends on the degree of hybridization between Mn-3d and O-2 p orbitals. The substitution of divalent cations on the A site of REMnO 3 ͑RE stands for rare earth͒ perovskites ͑e.g., the parent CMR material LaMnO 3 ) induces holes in the e g band. Many studies have addressed the effect of A-site-substituted cations on SO, CO, and OO. Although it is well known that the long-range CO and the transfer efficiency of CMR materials are very sensitive to the oxygen stoichiometry, a complete picture of the role of the oxygen content and localization is lacking. In an attempt to partly remedy this situation we have studied the SO, CO, and OO in the model system LaBaMn 2 O 5ϩ␦ (␦ϭ0, 0.5, and 1͒. In addition to a significant CMR effect, ferromagnetic ordering ͑viz., T C ) close to room temperature is considered essential for technological applications of manganites. Basubstituted LaMnO 3 offers interesting features 3 with T C near room temperature and large resistance changes just above ͓e.g., T C Ϸ362 K ͑Ref. We have calculated the total energy of LaBaMn 2 O 5ϩ␦ in the para-͑P͒, ferro-͑F͒, and antiferromagnetic ͑AF͒ configurations for the experimentally reported structural parameters. The full-potential linear muffin-tin orbital ͑FPLMTO͒ calculations 6 presented in this paper are all-electron, and no shape approximation to the charge density or potential has been used. The basis set is comprised of augmented linear muffin-tin orbitals. 7 The calculations are based on the generalized-gradient-corrected ͑GGA͒ density-functional theory as proposed by Perdew et al. 8 Spin-orbit coupling is included directly in the Hamiltonian matrix elements for the part inside the muffin-tin spheres. We used a multibasis in order to ensure a well-converged wave function, i.e., several Hankel or Neumann functions, each attached to its own radial function, have been used. Hence the basis included are two 6s, 6p, 5p, 5d, and 4 f orbitals for La and Ba, 4s, 4p, and 3d orbitals for Mn and 2s, 2p, and 3d orbitals for O. The spherical-harmonic expansion of the charge density, potential and basis functions was performed up to ᐉ max ϭ6. For the total-energy study the k-space integration is done using the special point method with 192 k points in the irreducible part of the first Brillouin zone. For the F and AF calculations, the magnetization axes are chosen in accordance with experimental findings. 3, 5 In the AF calculation for LaBaMn 2 O 5.5 , an explicit supercell with 38 atoms is considered. In order to verify the results obtained from the FPLMTO method and to calculate the occupation matrix of each of the Mn-3d orbitals, we have done similar calculations by the full-potential linearized-augmented plane-wave ͑FPLAPW͒ method as implemented in WIEN97. 9 Atomic-sphere radii of 2.8 AU for La and Ba and 2.0 and 1.6 AU for Mn and O, respectively, were used. Exchange and correlation effects are treated using the GGA. 8 The charge densities and potentials in the atomic spheres were represented by spherical harmonics up to ᐉ ϭ6, whereas in the interstitial region these quantities were expanded in a Fourier series. The radial basis functions of each LAPW were calculated up to ᐉϭ10 and the nonspherical potential contribution to the Hamiltonian matrix had an upper limit of ᐉϭ4. From the ᐉ,m projected charge density the CO and OO ordering in these materials are analyzed. For further computational details see Ref. 10 .
In RE 1Ϫx AE x MnO 3 ͑AE stands for alkaline earth͒ compounds the one-electron bandwidth ͑W͒ of the Mn-d electrons decreases with decreasing size of the A-site cation, and leads in turn to CO and/or OO. In addition, the A-site substitution changes the valence of the Mn ions. Similarly the variation of the oxygen stoichiometry modifies W and the valence of the Mn ions and this may be used to manipulate SO, CO, and OO in perovskite-like oxides as shown here for the LaBaMn 2 O 5ϩ␦ phase. Fig. 2. An energy gap (E g ) of ca. 0.84 eV opens up between the valence and conduction bands in LaBaMn 2 O 5 ͓Fig. 2͑a͔͒, giving an insulating state in accordance with the experiments. The Ferri ordering leads to significant topological differences in the up-and down-spin DOS.
In general, local-density approximation ϩU calculations 11 are thought to be necessary to study the electronic and magnetic properties of transition-metal oxides. However, our calculations show that the insulating behavior and magnetic properties are correctly reproduced by the usual discrete Fourier transform calculations for the manganites considered in the present study.
As mentioned, t depends on the degree of the hybridization between the Mn-3d and O-2 p orbitals, which in turn makes this parameter sensitive to the oxygen stoichiometry. It is well established that OO plays a crucial role in the magnetic and electronic properties of manganites. As electrons closer to the Fermi level (E F ) participate more in hopping interaction and determine the electronic properties, we are found in the energy range Ϫ1 eV to E F , leading to the ordering of these orbitals as shown in Fig. 3͑a͒ .
For LaBaMn 2 O 5.5 , the ground-state SO is found to be AF, in perfect agreement with the experimental findings. 5 Further, the Mn atoms in the square pyramidal and octahedral coordinations take a HS Mn 3ϩ state. The system remains insulating on going to LaBaMn 2 O 5.5 , but E g is reduced to 0.26 eV ͓Fig. 2͑b͔͒. As half of the square pyramids at ␦ϭ0 has been converted into octahedra at ␦ϭ0.5, half of the O vacancies in the La layers is filled, and the overlap interaction between Mn-d and O-p orbitals is thereby increased. The bandwidth in turn increases, reducing the band gap. The difference in the crystal fields of square pyramids and octahedra and the accompanied JT distortion increase the carrier-to-lattice coupling and result in localization of charges. Figures 1͑c͒ and 1͑d͒ illustrate the difference in the distribution of majority and minority d electrons between the Mn ions at ␦ϭ0.5, indicating the presence of CO. As the orbital degeneracy is lifted due to the JT effect, and anisotropy in the electron-transfer interaction results due to the partial stuffing of the oxygen vacancies, OO occurs. The systematic decrease appears to reflect the increasing Mn-d and O-p hybridization interaction and the reduction in magnetic moment of Mn due to increase in its valence state, in the said sequence.
As the oxygen vacancies are filled to the ␦ϭ1 limit, the electron bands are broadened and more overlap between the Mn-d and O-p bands is seen. Moreover, the small energy difference between the F and AF states implies that the DE interaction increases ͑compared with the ␦ϭ0 and 0.5 cases͒, again a consequence of the increased hybridization interaction. Hence the CO state disappears and metallicity appears in LaBaMn 2 O 6 in accordance with the experimental findings. 3 The metallic behavior of LaBaMn 2 O 6 can be seen from the small, but finite number of states in DOS at E F ͓Fig. 2͑c͔͒. The similarly shaped d-electron distributions ͓see Figs. 1͑e͒ and 1͑f͔͒ on the Mn ions also indicate that CO and OO are absent in LaBaMn 2 O 6 .
All three compositions exhibit half-metallicity in the F state ͑HMF͒, ͑with E g of 2.2, 1.92, and 1.45 eV in the minority-spin channel for ␦ϭ0, 0.5, and 1, respectively͒.
The HMF state of LaBaMn 2 O 6 gains more importance owing to the small energy difference between the F and AF states, which may enable easier conversion from metallic AF to HMF ͓Fig. 2͑d͔͒. In addition to exchange splitting, the JT distortion as in LaMnO 3 13 may play an important role for the occurrence of the HMF in LaBaMn 2 O 6 .
In DE systems, insulator to metal transitions accompanied by disappearance of CO and/or OO due to increased W can be achieved by application of external field or pressure. In conclusion, variations in the spin, charge, and orbital orderings by changes in the oxygen content have been illustrated with LaBaMn 2 O 5ϩ␦ as an example. The changes in the oxygen stoichiometry controls the valence state of Mn and the hybridization interaction between Mn and O. Hence, a reduction in oxygen stoichiometry narrows the bandwidth and consequently decreases the double-exchange interactions at the expense of the competing superexchange interactions. Consequently the ferromagnetic state becomes destabilized relative to the antiferromagnetic state with localized spin, charge, and orbital order as well as Jahn-Teller-type electronlattice coupling. Therefore by adjusting the oxygen stoichiometry in manganites one can convert the insulating antiferromagnetic charge-and/or orbital-ordered state into a metallic ferromagnetic state.
